Mexico City (MC) young residents are exposed to high levels of fine particulate matter (PM 2.5 ), have high frontal concentrations of combustion-derived nanoparticles (CDNPs), accumulation of hyperphosphorylated aggregated α-synuclein (α-Syn) and early Parkinson's disease (PD). Swallowed CDNPs have easy access to epithelium and submucosa, damaging gastrointestinal (GI) barrier integrity and accessing the enteric nervous system (ENS). This study is focused on the ENS, vagus nerves and GI barrier in young MC v clean air controls. Electron microscopy of epithelial, endothelial and neural cells and immunoreactivity of stomach and vagus to phosphorylated ɑ-synuclein Ser129 and Hyperphosphorylated-Tau (Htau) were evaluated and CDNPs measured in ENS. CDNPs were abundant in erythrocytes, unmyelinated submucosal, perivascular and intramuscular nerve fibers, ganglionic neurons and vagus nerves and associated with organelle pathology. ɑSyn and Htau were present in 25/27 MC gastric,15/26 vagus and 18/27 gastric and 2/26 vagus samples respectively. We strongly suggest CDNPs are penetrating and damaging the GI barrier and reaching preganglionic parasympathetic fibers and the vagus nerve. This work highlights the potential role of CDNPs in the neuroenteric hyperphosphorylated ɑ-Syn and tau pathology as seen in Parkinson and Alzheimer's diseases. Highly oxidative, ubiquitous CDNPs constitute a biologically plausible path into Parkinson's and Alzheimer's pathogenesis.
Introduction
Mexico City (MC) children, teens and young adults exhibit the neuropathological hallmarks of Alzheimer and Parkinson's diseases i.e., tau hyperphosphorylation with pre-tangles, amyloid beta42 (Aβ42) diffuse and mature plaques, and misfolded α-synuclein olfactory bulb and brainstem accumulation (Calderón-Garcidueñas et al., 2008 , 2011 , 2013a , 2013b Villarreal-Calderon et al., 2010) . Lewy neurites and/or punctuate ɑ-synuclein deposits in the olfactory bulb, trigeminal thalamic tract, mesencephalic V, reticular and raphe nuclei, the glossopharyngeal-vagus complexes and lung and heart autonomic ganglia are seen in MC v control children as young as 11 years old (Calderón-Garcidueñas et al., 2011 , 2013a , 2013b . We have shown upregulation of COX2 in the right vagus and of CD14 in both right and left vagus of teens and young MC adults suggesting the vagus nerve plays a role in the brainstem inflammation and neurodegeneration process (Calderón-Garcidueñas et al., 2008) . In highly exposed MC Balb-c mice, dorsal vagal complex (DVC) inflammation is a robust finding strongly associated with DVC imbalance in genes associated with antioxidant defenses, apoptosis, and neurodegeneration .
Data in the literature support an association between air pollutants (ozone, fine particulate matter PM 2.5 and/or lead) and higher risk of Parkinson's disease (Kirrane et al., 2015 , Santurtún et al., 2016 , while others find limited evidence between exposures to ambient particulate matter (PM 10 , PM 2.5 ) or nitrogen oxides (NO 2 ), and PD risk Chen et al., 2017; Calderón-Garcidueñas and Villarreal-Ríos, 2017) . Interestingly, the experimental combination of ultrafine carbon black and rotenone -a pesticide used to induce dopaminergic (DA) damage-, work synergistically to activate NADPH oxidase in microglia, leading to DA neurons oxidative damage . There is no doubt however of the capacity of nanoparticles (NPs) to produce DA damage (Hu et al., 2017; Imam et al., 2015; Levesque et al., 2011a Levesque et al., , 2011b Levesque et al., , 2013 . Of special interest is the work of Levesque and coworkers (Levesque et al., 2011a (Levesque et al., , 2011b (Levesque et al., , 2013 showing the effect of diesel NPs upon microglia, neuroinflammation, and DA neurotoxicity. The combination of diesel NPs and lipopolysaccharide (LPS) (2.5 ng/mL) in vitro synergistically amplified nitric oxide production, TNFα release, and DA neurotoxicity. This association is crucial for Mexico City (MC) young residents (Calderón-Garcidueñas et al., 2009a , 2009b , Rosas Pérez et al., 2007 Querol et al., 2008; Vega et al., 2011) , since endotoxins (LPS) are an important organic particle component and healthy children show an endotoxin tolerance-like state (Calderón-Garcidueñas et al., 2009a , 2009b .
We recently documented by magnetometry, high-resolution transmission electron microscopy (HRTEM), electron energy loss spectroscopy (EELS), and energy dispersive X-ray (EDX) analysis the mineralogy, morphology, and composition of magnetic frontal cortex NPs from MC young residents (Maher et al., 2016) and used transmission electron microscopy to identify combustion-derived nanoparticles (CDNPs) in neurons, glia, choroid plexus, and neurovascular units of MC young residents v matched clean air controls (González-Maciel et al., 2017) . CDNPs are spherical nanoparticles associated with pathology in mitochondria, endoplasmic reticulum (ER), mitochondria-ER contacts (MERCs), axons and dendrites. We commented that abnormal MERCs, mitochondria and dilated ER are widespread in brain tissues and CDNPs in close contact with neurofilaments, glial fibers and chromatin are a potential source for altered microtubule dynamics, mitochondrial dysfunction, accumulation and aggregation of unfolded proteins, abnormal endosomal systems, altered insulin signaling, calcium homeostasis, apoptotic signaling, autophagy and epigenetic changes (González-Maciel et al., 2017) .
We are very concerned about the passage of NPs through damaged cell junctions in small bowel and the fact MC children have higher levels of antibodies to host proteins involved in cell adhesion (Calderón-Garcidueñas et al., 2015a , 2015b , 2015c , 2015d . MC children and young adults are already showing Parkinsons' disease early neuropathological hallmarks, including accumulation of alpha synuclein in olfactory bulb and brainstem (Calderón-Garcidueñas et al., 2008 , 2013a , 2016a , 2016b , 2016c ). Kish and colleagues work is key given the increased gut permeability in mice exposed to particulate matter with a diameter of < 10 µm (PM 10 ) and their conclusions of ingestion of airborne particulate matter altering the gut microbiome and inducing acute and chronic inflammatory responses in the intestine (Kish et al., 2013) .
At the core of our work Braak and Del Tredeci proposals (Braak et al., 2003a (Braak et al., , 2003b Tredici and Braak, 2016 ) "a putative environmental pathogen capable of passing the gastric epithelial lining might induce α-synuclein misfolding and aggregation" and the dual-hit hypothesis of Hawkes (Hawkes et al., 2007) , both fit the strong possibility putative environmental pathogens are indeed swallowed nanoparticles gaining access to the brain through the most vulnerable section of the GI tract: the small bowel .
Given that MC children have lifetime exposures to high concentrations of PM 2.5 and well documented breakdown of epithelial, endothelial and neurovascular barriers (Calderón-Garcidueñas et al., 2008 , 2016a , 2016b , 2016c , and having the experience of studying healthy dogs exposed to the same environment as the children (Calderón-Garcidueñas et al., 2001 , 2009a , 2009b , we hypothesized that healthy MC facility dogs will have NPs in the neuroenteric system and similar findings could be seen in children and young MC adults.
There were three primary aims to this study: 1. To study by electron microscopy the integrity of the small bowel epithelium tight junctions, the endothelial barrier and the passage of NPs from circulating red blood cells loaded with particles in blood vessels to the intestinal compartments, 2. To identify and measure NPs and document organelle pathology in the neuroenteric system including the submucosal and myenteric plexus fibers and neurons in duodenal, jejunum and ileum samples of healthy young residents in MC versus controls 3. Since the vagus nerves play a key role in the early neuropathology of PD, we specifically sampled right cervical vagal (X) samples both in dogs and in human autopsies (human samples previously analyzed for mRNA COX2, IL1β and CD14 and found to have high levels versus clean air controls (Calderón-Garcidueñas et al., 2008) . Given that highly exposed children and young adults have early features of Parkinson's and Alzheimer diseases (Calderón-Garcidueñas et al., 2008 , 2011 , 2016c , 2017 , we did immunohistochemistry for phosphorylated α-synuclein and hyperphosphorylated tau in gastric and vagal samples for the same subjects with right vagal mRNA inflammatory markers (Calderón-Garcidueñas et al., 2008) .
Our results identify abnormalities in the apical junctional complexes, desmosomal and gap junctions resulting in interepithelial gaps in the small bowel of MC dogs, along with increased caveolar activity in the luminal and abluminal endothelial cells versus controls. Airborne iron-rich strongly magnetic combustion-derived nanoparticles (CDNPs) are abundant in epithelial and endothelial cells and in enteric neurons, unmyelinated axons and cervical X nerves of MC children and young adults and are associated with pathology in mitochondria, axons and dendrites. Gastric accumulation of hyperphosphorilated ɑ-synuclein (ɑ-Syn) and P-tau is a key finding. Our study shows urban young residents have ɑ-Syn and P-tau pathology of the enteric nervous system and neuronal, axonal and unmyelinated pathology. Combustion-derived nanoparticles likely play a key role in the breakdown of the GI barrier and the ɑ-syn/P-tau neuroenteric pathology. Exposures to CDNPs ought to be contemplated as Parkinson's and Alzheimer's environmental risk factors (Calderón-Garcidueñas et al., 2008 , 2011 , 2016a , 2016b , 2016c , 2017 Maher et al., 2016) .
Materials and methods

Study cities and air quality
Mexico City is a prime example of uncontrolled urban growth and sustained severe air pollution (Rosas Pérez et al., 2007; Querol et al., 2008; Vega et al., 2011; Secretaria del Medio Ambiente, 2012 . Driving restriction programs implemented in 2017 have failed to improve air quality (Davis, 2017) . The metropolitan area of over 2000 km 2 lies in an elevated basin 2200 m above sea level surrounded on three sides by mountain ridges. MC Metropolitan area nearly 24 million inhabitants, over 50,000 industries, and 5.5 million vehicles consume more than 50 million liters of petroleum fuels per day. Northern MC residents have been exposed to higher concentrations of volatile and toxic organic compounds, PM 10 , and PM 2.5 including high levels of its constituents: organic and elemental carbon, nitro-and polycyclic aromatic hydrocarbons and metals (Zn, Cu, Pb, Ti, Mn, Sn, V, Ba), while southern residents (exposed dogs in this study are from SW Mexico City) have been exposed continuously to significant and prolonged concentrations of ozone, secondary aerosols (NO 3ˉ) and particulate matter associated with lipopolysaccharide PM-LPS (Rosas Pérez et al., 2007; Querol et al., 2008; Vega et al., 2011) . Studies on the composition of PM 2.5 with regards to sites and samples collected in 1997 show that composition has not changed during the last decade. Tlaxcala was the selected clean air control with criteria air pollutants typically below the equivalent US EPA air quality standards (Calderón-Garcidueñas et al., 2009a , 2009b .
Dog small bowel and vagus samples
Previously harvested dog small bowel and right vagus samples for electron microscopy were used for this study (Calderón-Garcidueñas et al., 2009a , 2009b , 2016a , 2016b , 2016c . MC and control mixed beagles were whelped and housed in an outdoor-indoor kennel; husbandry was in compliance with the American Association of Laboratory Animal Certification Standards. Dogs were under daily veterinarian observation during their entire life, and at no time there was any evidence of respiratory, cardiovascular, gastrointestinal or neurological diseases. Dogs had all applicable vaccines and were treated with antihelmintics regularly. Dogs from both cohorts had the same diets. We selected to use small bowel and cervical vagus nerves optimally fixed electron microscopy samples from 6 dogs (5.1 ± 1.7 years) from an independent longitudinal study involving the use of Nimesulide® in mixed beagle dogs. The 6 selected dogs for this study were in the nontreated Mexico City dog group exposed 24/7 to the Southwest MC atmosphere from birth. Four dogs average age 4.6 ± 2.4 years from Tlaxcala, the selected control city were also studied. Procedures used were in accordance with the guidelines of the Use and Care of Laboratory Animals (NIH Pub no. 86-23).
Children and young adult small bowel, gastric and vagus samples
Children and young adult autopsy tissue MC and control vagal samples in this study have been previously studied (Calderón-Garcidueñas et al., 2008) . Subjects were clinically healthy before sudden accidental deaths, were APOE and TLR4 (Asp299Gly) genotyped and had full autopsies, including complete neuropathological examinations. Thirty-six gastric and right cervical vagus samples for immunohistochemistry (IHC) were studied from 27 MC and 9 controls subjects (Calderón-Garcidueñas et al., 2008) . The average age of MC subjects was 24.03 ± 10.5years (8 children 12.5 ± 5.12 y) and controls had an average age of 21.3 ± 10.3 y (4 children 13.2 ± 7.5 y) ( Supplementary Tables 1 and 2 ).
Children and young adult vagus samples for electron microscopy
We selected 18 right cervical vagus samples including 5 controls average age 17.4 ± 9.65 years and 13 Mexico City residents average age 24.7 ± 12.2 years (Supplementary Tables 1 and 2).
Light microscopy
The hematoxylin-eosin slides from the entire autopsy were reviewed to rule out a disease process that will interfere with the final evaluation of the GI and vagal tissues. Sections 1 μm thick were cut and stained with toluidine blue in preparation for the selection of electron microscopy samples. Board-certified anatomical pathologist/neuropathologists and Electron Microscopy researchers without access to the identification codes reviewed the sections.
Immunohistochemistry
Specimens for IHC were kept in 10% buffered formaldehyde ranging from 24 h to 1 week. Six micrometer-thick sections were cut from paraffin-embedded tissue blocks. IHC specimens included stomach and right cervical vagus. IHC was performed using a primary antibody from alpha-synuclein phosphorylated at Ser-129 LB509 (In Vitrogen, Carlsbad, CA 1:800) and p-tau using mouse monoclonal antibody AT8 pSer202/Thr205 2:1000 (Thermo Scientific, Rockford,IL,US) with pretreatment conditions with formic acid 88% for 10 min. Detection of immunostaining was performed using the ImmPRESS peroxidase universal MP-7500 (Vector Laboratories, Burlingame, CA) and diaminobenzidine DakoCytomation K3468 (Dako, Carpinteria, CA) or HIGHDEF ® Red IHC Chromogen (ENZO, Farmingdale,NY) were used as chromogens. Control of antibody specificity included omission of the primary antibody or preabsortion of the antibody with full length recombinant alpha synuclein, A53T (rPeptide S-1002). Sections were mounted with a commercial aqueous mounting media, coverslipped, and dried overnight before nail polishing the edges to seal. Blind assessment of ɑ-Syn and P-tau immunoreactivity (IR) was performed and the immunostaining pattern, intensity and cellular location evaluated. For a given tissue sample, 6-10 levels were examined and the positive stain was assessed semiquantitatively following an arbitrary grading system: -no lesions, + 1-10 at × 200 magnification; ++ 11-20 positive areas per field and +++ > 21 areas per field. The data on the positive density collected in each subject was averaged.
Examination of small bowel samples by Transmission Electron Microscopy (TEM)
Tissues were post-fixed in 1% osmium tetraoxide and embedded in Epon. Semi-thin sections 0.5-1 μm) were cut and stained with toluidine blue for light microscopic examination. Ultra-thin sections (60-90 nm) were cut and collected on slot grids previously covered with formvar membrane. Sections were stained with uranyl acetate and lead citrate and examined with a JEM-1011 (Japan) microscope. Each electron micrograph was evaluated separately, then compared by group. We identified the type of cell and captured the ultrastructural characteristics of the cells including ganglionic submucosal and muscularis neurons and submucosal plexus, and their organelles. We captured TJ's complexes, measured the diameter of the nanoparticles present in epithelium, umyelinated axons, and neurons and describe the abnormal organelles and their relationship with NPs. One EM researcher with ample experience examined all sections at magnifications between 5000 × and 120,000 × and took representative pictures. For the purpose of measuring NPs, pictures were taken at various magnifications including 60,000 with print magnifications at 85,000 × 7"; 25,000 with print magnifications at 41,600 × 8"; 50,000 × with prints 83,300 × 8"; 80,000 × with prints 117,000 × 7" and 80,000 × with prints 133,000 × 8". We counted particles in ganglionic neurons (cytoplasm, mitochondria and nucleus) from duodenal and jejunal dog samples MC versus controls and the results were based on the evaluation of 8 ± 2 pictures per case assessed for significance with a p test after adjusting for age.
Examination of vagus samples by Transmission Electron Microscopy (TEM)
Tissues were post-fixed in 1% osmium tetraoxide and embedded in Epon. Sections were stained with uranyl acetate and lead citrate, and examined with a JEM-1011 (Japan) microscope. Each case was blindly evaluated separately, then compared by group. We captured the ultrastructural characteristics of the axons and ganglionic and satellite cells and their organelles. For the purpose of measuring NPs, we followed the same protocol as for small bowel samples.
Statistical analysis
We first calculated the mean and standard deviations (SD) of all variables in all locations. Then, we carried out statistical tests for the differences between the measurements of the variables in Mexico City and low pollution controls. We used regression techniques to accomplish this. Then, we performed two sample t-tests for testing the differences between NPs types, numbers and/or diameters in dogs and human samples in Mexico City and low pollution controls. Statistical analyses were carried out using Excel and R (https://www.r-project. org/).
Results
Air quality data
Mexico City residents are exposed year-round to PM 2.5 concentrations above United States National Air Ambient Quality Standards (NAAQS). The PM 2.5 annual air quality standard of 12 µg/m 3 has been historically exceeded across the metropolitan area. We are focused on fine and ultrafine particulate matter (PM), broadly defined by the diameter of the aerodynamic particles: fine particles (< 2.5 µm, PM 2.5 ) and ultrafine PM (UFPM < 100 nm) (Querol et al., 2008; Vega et al., 2011; Molina et al., 2010) . Ultrafine PM is of particular interest given their capability to reach the brain and produced extensive damage (Maher et al., 2016; González-Maciel et al., 2017) . MC children in this study have been exposed to significant concentrations of PM 2.5 during their entire life, including the prenatal period. The high concentrations of PM 2.5 coincide with the time children play outdoors and/or stay in schools with broken windows and doors. Control dogs and humans have been lifelong residents in low pollution cities with all criteria air pollutants below the US EPA NAAQS standards.
Measurement of NPs in mitochondria, nuclei, and free in the cytoplasm in enteric ganglionic neurons from dogs' samples
We distinguished spherical combustion-derived nanoparticles consistent with high temperature formation versus euhedral particles ascribed to endogenous sources based on Maher et al. (2016) paper. The numbers of NPs were significant higher in the exposed subjects (Table 1) , the percentage of CDNPs versus euhedral NPs was 37-63% across the epithelial, endothelial and axonal/dendritic samples, while the vagus samples showed 44-56% with a predominance of endogenous NPs. Table 2A shows the average size nanoparticles for the different compartments analysed and in Table 2B the data for the vagus nerves in dogs and humans. There were significant differences in sizes of CDNPs v euhedral NPs in Mexico City enteric neurons samples (p < 0.0001), while controls showed no differences (Table 2A ). The vagal samples from both dogs and humans showed significant differences in the sizes of CDNPs v euhedral NPs in both controls and exposed subjects. The smallest CDNPs were seen in human vagal samples (Table 2B ).
Electron microscopic results
Dogs' small bowel samples
Toluidine blue 1 µm sections of normal duodenal epithelium with an intact brush zone and unremarkable enterocytes and goblet cells is characteristic of the control dogs (Fig. 1A ). Highly exposed dogs exhibited duodenal samples with severely disrupted epithelial lining, breakdown of the barrier with numerous epithelial cells gaps and abundant cell debri (Fig. 1B, C) . Electromicrographs of jejunum in MC dogs show numerous nanoparticles associated with villae and distributed across the enterocytes' cytoplasm and abnormal tight junctions ( Fig. 2A-C) . Clusters of compact aggregates of neurons (ganglion cells), Schwann cells, glial-like cells, and/or unmyelinated axons are seen throughout the small bowel walls as components of the submucosal plexus and the myenteric plexus. The myenteric plexus between the longitudinal and circular layers of muscularis externa in the small bowel of MC dogs is surrounded by connective tissue bands and vascular elements (Fig. 3A) . Schwann cells and umyelinated fibers alike contain numerous NPs and abnormal axons are a common finding (Fig. 3B, C) . Lipofuscin is seen in Schwann and neurons' cytoplasm in very young subjects (Fig. 3D) , fibers with a diameter ranging between 7.1 and 13.5 nm are seen inside and outside neurons (Fig. 3E) ,and numerous abnormal unmyelinated axons without defined organelles contain NPs (Fig. 3F ). Ganglion cells, Schwann cells and clusters of abnormal unmyelinated axons share the presence of combustion-derived NPs (Fig. 4) . The close proximity between abundant submucosal capillaries with red blood cells loaded with NPs, increased abluminal caveolar endothelial activity and unmyelinated axons poise the potential transfer of NPs from capillaries to the numerous unmyelinated axons (Fig. 5) . Both CDNPs and euhedral NPs are seen in unmyelinated axons and presynaptic axons and dendrites (Fig. 6 ). CDNPs are also seen free in the interstitial space surrounded by collagen fibers and in close proximity to isolated individual filaments (Fig. 7) . Smooth muscle cells and endothelial cells also exhibit numerous CDNPs in their damaged organelles (Fig. 8) . Transfer of nanoparticles is a common finding in highly exposed dogs, the transfer takes place between luminal red blood cells to endothelial cells in the small bowel capillary network (Fig. 9) . Interestingly, numerous endothelial cell fragments with no visible attachment to the endothelial cell contain CDNPs (Fig. 9B) . Vagus dog and human samples show abundant CDNPs in axonal mitochondria, and in clusters of laminar ill-defined structures (Fig. 10 ). Extensive and severe mitochondrial damage is common and focal myelin fragmentation is seen in highly exposed subjects (Fig. 10) . Cervical vagus nerves 1 µm toluidine blue sections show small clusters of thinly myelinated axons alternating with larger myelinated fibers (Fig. 11A, B) . There is no evidence of inflammatory cells. Α-Syn IR was seen in highly exposed young humans and distinct punctate cytoplasmic staining of ganglion cells ( Fig. 11C and D) . Positive A-Syn fibers were seen in cervical vagus samples (Fig. 11D) . Large, coarse aggregates of α-Syn were not observed in the vagus nerves.
Gastric samples (Fig. 12) showed two basic IR patterns with hyperphosphorilated α-Syn: a distinct punctate cytoplasmic staining of ganglion cells and strongly positive coarse cytoplasmic aggregates in cells distributed widely through the submucosa and the muscularis (Fig. 12A, B) . Clear cut positive coarse neurites could be seen in each positive case (Fig. 12B insert) and ganglion cells exhibited coarse positive neurites (Fig. 12C) . Clean air controls were negative (Fig. 12D) . Hyperphosphorilated tau IR (Fig. 13 ) was extensively distributed throughout the gastric submucosa, muscularis mucosae and ganglion cells. Both delicate (Fig. 13A, B) and coarse (Fig. 13C, D) positive .27 ± 9.0 < 0.0001 Environmental Research 159 (2017) 186-201 neurites were seen and extensive number of positive fibers were seen in association with ganglion cells (Fig. 13D) . Positive fine synaptic-type staining of muscular plates were also observed (Fig. 13B) . The results of IR for ɑ-Syn and Htau in gastric and vagal samples with the ages, gender and APOE and TLR4 (Asp299Gly) genotyping results are shown in Supplementary Tables 1 and 2 .
Discussion
The integrity of the gastrointestinal (GI) epithelial, endothelial and neuroenteric structures is compromised in dogs, children and young adults residents in Mexico City. The enteric nervous system (ENS), a network of neurons and glia that controls GI functions shows significant pathology in key organelles and aggregated hyperphosphorilated α-synuclein and P-tau adds to the neuropathological findings of Braak stages 1 and II Parkinson disease already described in similar cohorts in Mexico City children and young adults (Calderón-Garcidueñas et al., 2008 , 2013a , 2013b . The passage of NPs through the damaged GI epithelial barrier and the transfer of NPs from the RBC in circulation to the capillary GI network likely gives rise to inflammatory and immune responses triggered to prevent injury to the ENS and underlying structures (Chow et al., 2017) .
Compromising the integrity of the small bowel tight junctions (Calderón-Garcidueñas et al., 2015a , 2015c , likely alters its physiology and function (Volk and Lacy, 2017; Chow et al., 2017) and translates in a disrupted GI barrier that will allow for major concentrations of swallowed PM entering the neuroenteric components, reaching the vagus nerves and the brainstem. Particulate matter is in fact gaining access through the most vulnerable section of the GI tract: the small bowel (Kish et al., 2013; Johansson et al., 2013) , and microbial translocation, immune alterations and a dysbalanced brain-gut axis are fully expected (Ermund et al., 2013; Douglas-Escobar et al., 2013; Bonazzi and Cossart, 2011; Klatt et al., 2010; Vuong et al., 2017; Yang et al., 2017) . The organelle damage to GI neuroenteric components and the presence of the two key abnormal proteins associated with Parkinson and Alzheimer's diseases in highly combustion-derived particulate matter exposed subjects showing cognitive and olfactory deficits and autonomic symptomatology , 2013a , 2013b , 2016a , 2016b , 2016c , 2017 is at the core of this discussion. Ultrafine and fine PM produced by combustion products is composed of organic and inorganic components, including iron-rich magnetic nanoparticles, heavy metals, volatile organic compounds, and endotoxins, and because of their high and very effective pro-oxidative potential and their inflammatory capacity, their risk for neurotoxicity is high (Rosas Pérez et al., 2007; Querol et al., 2008; Vega et al., 2011; Bergin and L. Calderón-Garcidueñas et al. Environmental Research 159 (2017) 186-201 Witzmann, 2013; Yu et al., 2013; Gehr et al., 2011) . The presence of aggregated alpha synuclein in olfactory bulbs, brainstem, GI tract and vagus nerves in MC young residents signpost the early stages Parkinson's disease (Calderón-Garcidueñas et al., 2013a , 2013b . The association between nanoparticles and the kinetics of α-synuclein aggregation is therefore very relevant for megacity residents Fink, 2006; Rodriguez et al., 2015; Alvarez et al., 2013; Harischandra et al., 2017; Phukan et al., 2016; Corbillé et al., 2017) . Different types of NPs induce oxidative stress, autophagy, reduction of proteasome activity, and amyloid aggregates of α-synuclein in dopaminergic neurons of the midbrain (Phukan et al., 2016; Hu et al., 2017; . Of particular interest is the work of Harischandra and colleagues (Harischandra et al., 2017) because manganese, an environmental neurotoxicant present in high concentrations in frontal cortex of MC young residents (Calderón-Garcidueñas et al., 2013a , 2013b induces cytotoxicity in a MN9D dopaminergic cell model of PD. Specifically, Harischandra's group demonstrated Mn exposure (300 μM MnCl 2 ) for 24 h modulated extracellular miRNA content through exosomal release from dopaminergic neuronal cells, potentially contributing to progressive neurodegeneration. Further, miRNA profiling analysis showed increased expression of miRNAs shown to regulate protein aggregation, autophagy, inflammation and hypoxia. This is very relevant to our findings in children and young MC adults where indices of neuroinflammation, oxidative stress, dysregulation of IL1, NFκB, TNF, IFN, TLRs and PrP(C) relate to their environmental exposures including particulate matter and heavy metals (Calderón-Garcidueñas et al., 2008 . Metallothioneins (MTs) proteins that function by metal exchange to regulate the bioavailability of metals, also are likely to play a role in the binding and aggregation of alpha-synuclein (Okita et al., 2017) .
The association between neuronal and axonal abnormal mitochondria and CDNPs present among the abnormal cristae and in the mitochondria membranes bring the issue of serious damage to an organelle needed for the high energy neuronal and axonal requirements (Giannoccaro et al., 2017; Erpapazoglou et al., 2017; Scott et al., 2017).
As described by Giannoccaro and coworkers, damage to mitochondria will alter its complex homeostatic functions, their dynamic fission/fusion cycles, the balance of mitobiogenesis and mitophagy, and consequently the quality control surveillance that corrects faulty mitochondrial DNA maintenance, all key in the pathogenesis of PD (Giannoccaro et al., 2017) . Iron oxide NPs are particularly cytotoxic and generate membrane leakage, intracellular reactive oxygen species and mitochondrial damage (Dönmez Güngüneş et al., 2017) . Equally relevant to the neuroenteric system is the interaction of the NPs with the extracellular matrix, cell membranes and cytoplasm of other cells (i.e., glial) (Lindström et al., 2017) , that may be affected by the agglomeration behavior of the NPs, their degree of mobility and internalization. In the work of Dönmez Güngüneş et al., Fe 3 O 4 NPs show superparamagnetic behavior leading to intense aggregation (Dönmez Güngüneş et al., 2017) , an observation we have made in the cervical vagal (X) human nerves (Fig. 10E) . The agglomeration, common for NPs (as most of them have surface charges which interact with the cell and form protein coronas) may prevent NPs from membrane permeation (Dönmez Güngüneş et al., 2017) . ROS generation representing oxidative stress is key in the mitochondrial effects of NPs, which overcomes the antioxidant ability of the cell and induces mitochondrial dysfunction . clearly demonstrated that the size of the magnetic iron oxide (Fe3O4) NPs were significant for the type of damage inflicted upon mitochondria using human hepatoma cells: 9 nm magnetic iron oxide particles produced ROS generation and the resultant mitochondrial dysfunction and necrosis, while 14 nm NPs damaged the plasma membrane and give rise to massive lactate dehydrogenase leakage . Moreover, the authors also showed that agglomerated 9 nm NPs resulted in severe oxidative stress and a combination of necrosis/apoptosis. The diameter of the CDNPs is likely a key issue for the neuroenteric system, the average size combustion-derived NPs in the human enteric neurons and vagus nerves for example was 12.06 ± 4.7 nm, significantly smaller that similar particles in the brain (29.17 ± 11.22 nm) and CSF (51.89 ± 12.95 nm) (González-Maciel et al., 2017). The issue is critical Fig. 2 . A. Jejunal epithelium from a 3 y old MC clinically healthy dog shows spherical combustion-derived nanoparticles in the brush border (superior arrow). Numerous nanoparticles are seen throughout the cytoplasm both free (arrows) and within mitochondria (M). Scale bar: 2 µm. B. There is a breakdown of the intercellular spaces (arrow head) and mitochondria exhibit numerous NPs (long arrows). Scale bar: 500 nm. C. A cluster of abnormal mitochondria (M) adjacent to the villous border is characterized by conglomerates of NPs (short arrows). The upper arrow between the cells points to junctional complexes between two enterocytes, with clusters of NPs, while the larger arrow points to a segmental discontinuity of a zonula adherens. Scale bar: 100 nm. C. There are 7 unmyelinated axons, the vacuolated, degenerated ones are marked with *, while the remaining axons show numerous NPs. Scale bar: 500 nm. D. Lipofuscin (Lf) granules are a common finding in all types of neural cells (as in this Schwann cell) even in young subjects, like this 1 year MC dog. Scale bar: 500 nm. E. This is a ganglionic submucosal cell with abundant fibers with a size range of 7.1-13.5 nm, their location is not well defined and apparently are located in and outside of the cell borders. These fibers are similar in size to α-Syn. Scale bar: 100 nm. F. Several unmyelinated axons with various degrees of neurodegeneration are seen. The two right arrows point to NPs inside the axon and in the bilaminar membrane. Scale bar: 100 nm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Fig. 4 . A. ganglionic neuron and a Schwann cell with a cluster of unmyelinated axons adjacent to a blood vessel. Scale bar: 2 µm. Two areas are squared for higher magnifications: B, a neuron cytoplasmic area in close proximity to the Schwann cell cytoplasm and in C a portion of the Schwann cell cytoplasm. B. Two structures are at the center of this picture: one mitochondria on the neuronal side showing two distinct nanoparticles and a lipofuscin structure on the Schwann cell side. This is a 1 year old dog and lipofuscin is not expected. Scale bar: 100 nm. C. The unmyelinated axon within the Schwann cell cytoplasm display a mitochondria with NPs (arrows mark the NPs). Scale bar: 100 nm.
because Alvarez and colleagues (Alvarez et al., 2013) have shown gold nanoparticles produced a strong acceleration of α-synuclein aggregation depending on the size and concentration of the nanoparticles, being strongest for NPs 10 nm in diameter, which produced a 3-fold increase in the overall aggregation rate at concentrations as low as 20 nM. Damage to lysosomal and mitochondrial structures at lower NPs concentrations that concentrations producing disruption of plasma membranes are also described (Bermejo-Nogales et al., 2016) . In their work, at non detectable cytotoxic concentrations, the silver NPs persisted inside nucleoli and mitochondria, raising the issue of direct effect to these critical organelles with time. Hyperphosphorilated alpha-synuclein, mitochondrial dysfunction, inability of cells to regulate Ca 2+ and neurodegeneration have been discussed in the NPs and the PD literature (Dönmez Güngüneş et al., 2017; Erpapazoglou et al., 2017; Rocha et al., 2017; Zaichick et al., 2017) .
The architecture of parasympathetic axons innervating the GI tract is key knowledge to understand the potential axonal transport of NPs from the GI tract to the brain (McMenamin et al., 2016; Uesaka et al., 2016; Ting et al., 2017; Walter et al., 2016; Powley et al., 2016) . The GI tract gets innervation from sympathetic and parasympathetic nervous systems, which regulate and modulate the function of the enteric nervous system (McMenamin et al., 2016) . The ENS consists of two main ganglionated layers: myenteric and submucosal ganglia, containing enteric neurons and glial cells (Uesaka et al., 2016) . ENS cells are mostly derived from vagal neural crest cells (NCCs), which proliferate, colonize the entire gut, and first populate the myenteric region (Uesaka et al., 2016) . After gut colonization by vagal NCCs, the extrinsic nerve fibers reach the GI tract, and Schwann cell precursors (SCPs) enter the gut along the extrinsic nerves (Uesaka et al., 2016) . Vagal endings are abundant around the celiac ganglion neurons, and the right is usually the one with the most endings. As discussed by McMenamin and collaborators, the stomach and small bowel are heavily influenced by the parasympathetic nervous system (vagus nerve) and disruption of vagal sensory or motor functions translates in disorganized motility patterns, disrupted receptive relaxation and accommodation, and delayed gastric emptying (all non-motor symptoms of PD) (McMenamin et al., 2016; Doty, 2012; Massano and Bhatia, 2012; Liu et al., 2017) . The issue of transport of NPs from the GI tract to the brain is relevant because Braak et al. proposal (Braak et al., 2003a (Braak et al., , 2003b ) "a putative environmental pathogen capable of passing the gastric epithelial lining might induce α- synuclein misfolding and aggregation" could indeed be NPs gaining access through the most vulnerable section of the GI tract: the small bowel . The enteric nervous system is an ideal pathway to the brain (Visanji et al., 2014) and in keeping with the concept that the neuropathological process leading to PD starts in the ENS and/or the olfactory bulb and spread via rostrocraneal transmission via sympathetic and parasympathetic nervous system to the substantia nigrae and the CNS (Jellinger, 2014 (Jellinger, , 2015a (Jellinger, , 2015b Reichmann, 2011; Del Tredici and Braak, 2016) our current findings are pointing in the same direction.
There is no doubt that NPs play a role in protein aggregation and a superb example is the previously mentioned work of Alvarez and coworkers (Alvarez et al., 2013) showing gold NPs produce strong acceleration of ɑ-synuclein aggregation and 10 nm particles produce the strongest effect. So, NPs traveling through axons (Gluska et al., 2016; Erriquez et al., 2015; Zhao et al., 2014; Kuznetsov, 2012; Osakada and Fig. 7 . A. Neuron in the muscularis mucosae. Scale bar: 2 µm. B. A higher power of the square in A shows the interstitial space around the neuron. A good example of an spherical combustion-derived nanoparticle (CDNP) with an attached fiber 11 nm in diameter (arrow). Scale bar: 100 nm. C. The neuronal nucleus with numerous euhedral NPs (arrowheads) and CDNPs (small arrow). Scale bar: 500 nm. Cui, 2011; Hopkins et al., 2014; Vermehren-Schmaedick et al., 2014; Chowdary et al., 2015) could interfere with ɑ-synuclein aggregation kinetics (Yu et al., 2009; Vácha et al., 2014; Mohammad-Beigi et al., 2015) . On the same path, brain to stomach transfer of ɑ-synuclein is not a surprise (Ulusoy et al., 2017) and provides further support the dorsal motor nucleus (DMN) of the vagus is a key relay center for α-synuclein transmission, and efferent vagal fibers may act as unique conduits for protein transfer. Indeed, the DMN is a key player in neuroinflammation in mice and children exposed to MC air pollution and shows a significant imbalance in genes for antioxidant defenses, apoptosis, and Fig. 9 . An example of two capillaries in the submucosa of the duodenum, in A a control clean air animal and in B a Mexico City dog. A. The RBC is free of nanoparticles and the endothelial cell is not active. There is no ongoing caveolar formation. Scale bar: 500 nm. B. In contrast, the endothelial cell shows increased caveolar activity (arrow), fragments of the endothelial cell contain numerous nanoparticles (*) and NPs are already inside the endothelial cell cytoplasm. The arrow points to an irregular shape caveolar structure with one NP. Scale bar: 500 nm. Table 1) . A Scale bar: 2 µm, B Scale bar: 500 nm, C Scale bar: 100 nm. A. Two blood vessels are seen and one large myelinated axon with an arrow. B. Axonal mitochondria (M) have abnormal cristae o no cristae and NPs are seen free in the axoplasm. C. Axonal abnormal mitochondria, a CDNP surrounded by microtubules and neurofilaments. D-F Mexico City 3 year old dog. D Scale bar: 100 nm, E Scale bar: 500 nm, F Scale bar: 100 nm. D. Significant damage to axons is shown here, the arrows point to focal fragmentation of myelin sheets. E. Lamellar, ill defined structures in the axoplasm. Notice the numerous clusters of NPs in the lamellar structures (arrows). F. NPs are numerous and free in the axoplasm (arrows).
neurodegeneration Calderón-Garcidueñas et al., 2011) .
Is the breakdown of the GI barrier and the involvement of the ENS key for the development of the early stages of Parkinson's disease we have already documented in Mexico City children? We strongly support a positive answer. The distribution of misfolded α synuclein in MC children and young adults follows precisely the early stages I and II of Braak's PD staging (Braak et al., 2003a (Braak et al., , 2003b Braak and Del Tredici, 2017) . Exposed children have olfaction deficits and their olfactory bulbs show misfolded α-synuclein . Olfactory dysfunction precedes the onset of motor symptoms by years (Doty, 2012) , and the intranasal administration of neurotoxicants in experimental animals supports the olfactory vector hypothesis of Parkinson's disease (Prediger et al., 2012) . The GI tract is a portal of entry of PM: 1. direct ingestion of inhaled PM is common after being mobilized up the trachea via the mucociliary escalator and the particle size determines if it is cleared out by cough or swallowing (Xi et al., 2012) , 2. Children have large increases in ventilation and GI intake of particles with increasing activity (Stahlhofen et al., 1980; Lippmann et al., 1980; Brown et al., 2013) , 3. PM enters in direct contact with the GI luminal components, the mucus layer and the microbiome Bergin and Witzmann, 2013) , 4. NPs could gain direct access to the blood stream from the GI tract, while others damage the GI epithelial and endothelial barriers and alter the immune function (Kish et al., 2013; Johansson et al., 2013; Ermund et al., 2013; DouglasEscobar et al., 2013; Bonazzi and Cossart, 2011; Klatt et al., 2010; Yang and Chiu, 2017) . The GI anatomical compartments are differentially vulnerable to PM: According to Johansson and colleagues , the small intestine would be the prime PM target: it has a single unattached mucus layer, NPs can have easy access to epithelial cells and to Peyer's patches, affecting immunosurveillance and altering epithelial integrity Mabbott et al., 2013; Lu et al., 2013) . Of key importance to megacity residents is the fact the small intestinal barrier is immature in neonates, the anti-microbial peptide-dependent barrier function is weaker earlier in life (Birchenough et al., 2013) resulting in an exposure-threat present starting at the time of birth for urban dwelling residents. In fact, the youngest MC resident in this work is a 3 year old boy from a Northeast very polluted area in MC, he has hyperphosphorilated tau in frontal cortex and brainstem and has positive α-Syn in his olfactory bulbs. Moreover, this boy had a high 7.53 SIRM 77K in his frontal sample, capturing the magnetic contribution of ferromagnetic combustion-derived nanoparticles < 20 nm (Maher et al. (2016) , Supplemental material). An obvious question in highly exposed populations particularly children is what happens to the turnover and neurogenesis of enteric neurons (Kulkarni et al., 2017) , what is the extent of the damage in the dividing precursors needed to maintain enteric neuronal homeostasis (Veiga-Fernandes and Pachnis, 2017; Shea-Donohue and Urban, 2016) ? If the enteric neuronal populations are compromised at an early age is this a risk factor for PD?
The American Gastroenterology Association and the American Psychosomatic Society share common interest in the key role of a functional intestinal microenvironment in brain-gut communication and -very relevant to Mexico City problems of violence-, the pathogenesis of neuropsychiatric and biopsychosocial disorders (Aroniadis et al., 2017) . Mexico City has witnessed a steady increase in violent crime in the last decade along with a negative trust of authorities (Frías and Finkelhor, 2017; Ávila et al., 2016; Gómez-Dantés et al., 2016) . Homicides, kidnappings, armed robberies, car thefts, and various forms of residential/street crime are every day concerns (Ávila et al., 2016) , and none of the policies to decrease air pollution are working (Davis, 2017) . It remains to be seen how high sustained exposures to air pollutants is impacting the pathogenesis of neuropsychiatric and biopsychosocial disorders in MC populations.
The severe damage to critical organelles in neurons, axons and dendrites has been discussed in the brain and the neuroenteric system in highly CDNP exposed individuals (Calderón-Garcidueñas et al., 2016a , 2011 , 2013a , 2015a González-Maciel et al., 2017) , no surprises at all, since the extensive NPs literature has described their cellular toxicity (Gehr et al., 2011; Yu et al., 2013; Imam et al., 2015; Phukan et al., 2016; Harischandra et al., 2017) . Thus, our novel finding of hyperphosphorylated tau in 66.6% of gastric samples in Mexico City young residents is in fact not a surprise either. These individuals have already extensive hyperphosphorylated tau in brainstem and frontal cortex and there is brain severe CDNPs associated pathology in mitochondria, endoplasmic reticulum, mitochondria-ER contacts, axons and dendrites (González-Maciel et al., 2017) . The common denominator for the abnormal proteins are the high numbers and concentrations of CDNPs in close contact with neurofilaments, microtubules, glial fibers, etc., altering microtubule dynamics, producing mitochondrial dysfunction, abnormal endosomal systems and resulting in accumulation and aggregation of unfolded proteins (González-Maciel et al., 2017) . We can't ignore that seemingly healthy MC children already have significant cognitive deficits, affecting particularly overweight girls with an APOE 4 allele, young children with an APOE 4 share with their carrier parent low hippocampal NAA/Cr ratios or that they have significant food reward hormone dysregulation all related to their PM 2.5 exposures (Calderón-Garcidueñas et al., 2015a , 2015b , 2015c , 2015d , 2016a , 2016b , 2016c Calderon-Garciduenas and de la Monte, 2017) . Also in normal CSF samples, Aβ1-42 and BDNF concentrations are significantly lower in MC children versus controls (p = 0.005 and 0.02, respectively) (Calderón-Garcidueñas et al., 2016a). Our enteric nervous system (ENS) findings are in fact expected and biologically plausible.
The size of the nanoparticles in the ENS deserves a further comment. There is a significant difference in size between spherical exogenous CDNPs and the angular, and euhedral endogenous NPs in the brain versus the ENS.While in the brain the size of the CDNPs is on average 29.17 ± 11.22 nm and the endogenous euhedral NPs are 60.53 ± 14.6 nm, in the ENS the sizes are smaller 15.4 ± 6.0 and 21.2 ± 9.0 respectively. Moreover, the smallest CDNPs average size 11.85 ± 4.03 nm was measured in the cervical vagus, an interesting finding given that gold NPs 10 nm in diameter produced a 3-fold increase in the overall α-Syn aggregation rate at low concentrations in Alvarez et al., work. In sharp contrast, the largest CDNPs were found in the unmyelinated axons (21.99 ± 10.8 nm) which likely reflects a different access barrier and mode of transportation for CDNPs in small axons (see Fig. 5 and the increased subluminal caveolar activity of an endothelial cell in close proximity with an unmyelinated axon with CDNP). And since size does matter! The work of Alvarezet al. Bermejo-Nogales et al., 2016 ) is highly relevant for exposed populations, because the damage to the ENS and the brain will depend on their sources of particulate matter and the sizes and composition of their nanoparticles and their magnetic capabilities. The issue of metal nanoparticles, magnetic hyperthermia, altered microtubule dynamics and signaling networks and cell changes in spatial self-organization have to be taken into account and the issue is complicated (Gheshlaghi et al., 2008; Min et al., 2013; Mao et al., 2015; Iannotti et al., 2017) . For magnetic NPs with iron (such as the ones present in the brain of MC residents) the issues likely include interacting superparamagnetism and the oxidation of iron component as in Iannotti and coworkers paper (Iannotti et al., 2017) . These type of NPs interactions are crucial for the nervous system cell components.
Where are we and where do we need to be? Looking forward and limitations Cytotoxicity, membrane leakage, intracellular reactive oxygen species, misfolding of alpha-synuclein, mitochondrial dysfunction, strong acceleration of α-synuclein aggregation, inability of cells to regulate Ca 2+ , neuroinflammation, and neurodegeneration are associated with the progressive damage of the nigrostriatal dopaminergic system and development of Parkinson's disease (PD) or a syndrome (?) (Titova et al., 2016) . Combustion-derived nanoparticles are perfectly capable of producing dopaminergic cytotoxity through each one of the path mechanisms outlined above and certainly can travel through axons and dendrites (Levesque et al., 2011a (Levesque et al., , 2011b (Levesque et al., , 2013 Gehr et al., 2011; Alvarez et al., 2013; Harischandra et al., 2017; Phukan et al., 2016; Dönmez Güngüneş et al., 2017; Bermejo-Nogales et al., 2016; Gluska et al., 2016; Erriquez et al., 2015; Zhao et al., 2014; Kuznetsov, 2012; Osakada and Cui, 2011; Hopkins et al., 2014; Vermehren-Schmaedick et al., 2014; Chowdary et al., 2015; Vácha et al., 2014; Mohammad-Beigi et al., 2015) . There is a complex interaction between neurofilaments (NFs) with other non-intermediate filament components of the cytoskeleton, including microtubules, and actin to establish a regionally specialized network that serves as a docking platform to organize other organelles and proteins (Yuan et al., 2017) . We agreed with Titova and her group (Titova et al., 2016) that the Parkinson's phenotype is more a dysfunctional multineurotransmitter pathway driven central and peripheral nervous system disorder. We strongly argue that in the context of high air pollution exposures the neuropathology starts early in children and teens and contrary to current dogma [Prodromal PD delineated based upon age (Berg et al., 2015) ], olfactory and brainstem involvement in childhood result in olfactory deficits and autonomic syntomatology. We certainly agree a 100% with Braak and Del Tredici (2017) that "the earliest lesions (in PD) could develop at nonnigral (dopamine agonist nonresponsive) sites where the surrounding environment is potentially hostile: the olfactory bulb and, possibly, the ENS". While recognizing that the evaluations of the small bowel, vagus nerves and gastric samples were done in a small number of control and exposed subjects, the results are nonetheless important because they are not isolated and because they will help to guide future investigations covering the gaps between the NPs,the ENS and the development of Parkinson's disease in highly exposed young populations.
We fully agree with the current hypothesis that sporadic PD is a multiorgan relentless disease with genetic and environmental factors acting synergistically (Del Tredici and Braak, 2016) , the data supporting axons of the nigrostriatal dopaminergic system are an early target of α-synuclein accumulation in PD (Caminiti et al., 2017) , and we are strong supporters of the potential role of ubiquitous combustionderived nanoparticles with high oxidative stress, cell toxicity and protein aggregation capabilities. NPs have anterograde, retrograde axonal and trans-synaptic trafficking capabilities and strong capacity for altering ɑ-synuclein conformation and aggregation kinetics.
A key challenge is to characterize markers for the 'preclinical' and prodromal stages of the disease, identify populations at risk and define their neurotoxic air pollution exposures and in parallel measure CDNPs and markers of neuroinflammation in the brains and autonomic peripheral nervous system of young people with sudden accidental deaths. Early identification of children, teens and young adults at risk could enable the field to push into unchartered territory at the very beginning of the neuroinflammation and neurodegeneration process.
Highly oxidative, CDNPs constitute a novel path into Parkinson's pathogenesis.
Summary
Defining the linkage and the health consequences of the sustained prenatal and postnatal exposures to CDNPs upon brain/ gut/immune system interactions in children and young adults historically showing already the early hallmarks of Parkinson's disease ought to be of pressing importance for public health, may provide a fresh insight into Parkinson pathogenesis and open opportunities for early neuroprotection.
